A study of the properties of La 0.8 MnO 3 films of varying thickness was performed. Transport and magnetization measurements show that the ferromagnetic ͑metallic͒ volume fraction of the film varies from ϳ 1/4 for ultrathin 60 Å films to ϳ 1/2 for 1600 Å films. Multilength scale structural measurements reveal that near 300 Å, a transition from highly strained ultrathin films to relaxed bulk-like films occurs. The transition region is characterized by low surface roughness, high crystallite orientation, and broad d-spacing distributions.
I. INTRODUCTION
Due to the large ͑colossal͒ magnetoresistance ͑CMR͒ exhibited by perovskite manganites they have attracted a great deal of interest for the potential applications.
1 Many experiments have shown that the complex phase diagrams of CMR manganites are driven by the close interplay between the charge, spin, and orbital degrees of freedom in the system. It is evident the lattice strain plays an important role in the properties of these materials, which opens up the possibility of optimizing the properties of CMR oxides for specific applications by growing thin CMR films on substrates with different lattice spacings. 2, 3 The first systematic experimental study of the effect of thickness on the magnetotransport properties of thin films was performed by Jin et al. 2 which was later followed by others. 3, 4 The characteristic feature found is that the metalinsulator ͑MI͒ transition is suppressed in very thin films. Systematic magnetic studies have also been performed. [5] [6] [7] [8] [9] J. O'Donnel et al. 9 suggested that the magnetic anisotropy in films seen in many experiments is dominated by strain induced anisotropy leading to an easy axis which occurs parallel to or normal to the film plane depending on substrate induced compression or tension.
The first attempt at quantifying the role of strain in these materials was made by Millis et al. 10 who showed that T c is extremely sensitive to biaxial strain and that T c reduction is quadratic in the Jahn-Teller ͑JT͒ distortion. 11 A local spin density calculation of the phase diagram of tetragonal manganites 12 showed that magnetic degrees of freedom can be indirectly controlled by lattice distortions via orbital degrees of freedom. It was argued that by changing the c/a ratio the e g orbital extending along the elongated Mn-O bond is preferentially occupied.
In unannealed thin films of La 0.7 Ca 0.3 MnO 3 (Ͻ 250 Å) it is found that the peak resistivity temperature T p decreases with film thickness while the Curie temperature T C remains constant. 13 The difference between T C and T p is as large as 100 K for 50 Å films while the difference vanishes as in the case of bulk materials for films thicker than 250 Å. Consistent with these results, other studies have shown that ultrathin films (ϳ 50 Å) become insulators. 3, 4 In addition, it is found that annealing of thin films has a rather striking effect-it converts insulating ultrathin films into metallic films 3, 14 and increases the Curie temperature and saturation magnetization of thick films. 3, 15 To understand the effect of thickness and annealing on the properties of ultrathin manganite films we looked at three films ͑60, 300, and 1600 Å) of the ferromagnetic system La 0.8 MnO 3 . We examined the nanoscale structure by AFM measurements, the periodic structure by synchrotron x-ray diffraction and the local atomic structure by near-edge x-ray absorption spectroscopy. The AFM measurements reveal that the 60 Å film is composed of islands which coalesce into a smooth layer in the 300 Å film and lead to columnar growth in the 1600 Å film. The AFM and x-ray diffraction measurements reveal that near 300 Å, a transition from highly strained ultrathin films to relaxed bulk-like films occurs. X-ray absorption measurements reveal significant local distortions occur in the MnO 6 octahedra of the 60 Å film ͑more distorted than LaMnO 3 ) while the differences between the 300 and 1600 Å films are small. The results significantly expand our earlier study of these films 16 and fill in significant details. [17] [18] [19] was used with a single liquid source. The ␤-diketonates La(tmhd) 3 and Mn(tmhd) 3 were dissolved together in 1,2 dimethoxyethane solvent. The reactor and the experimental procedure are described elsewhere. 17 Deposition runs were carried out at 700°C under a total pressure of 0.67 kPa and an oxygen partial pressure of 0.33 kPa. After deposition, the films were in situ annealed in one atmosphere of oxygen at 800°C for 15 min. Films of thickness 1600, 300, and 60 Å were prepared. The thickness was in situ monitored by a laser reflectometry setup. The growth rate was ϳ2 Å injection with an injection rate of 1 Hz. In the discussions below we index the La 1Ϫx MnO 3 film with an orthorhombic structure with a doubled cell.
Preliminary magnetization measurements were performed in the range 4.2-320 K under a total magnetic field of 0.2 T in a vibrating sample magnetometer. The T c values for the films were 180, 230, and 240 K for the 60, 300, and 1600 Å films, respectively. The final magnetization measurements were performed with a Quantum Design MPMS-XL SQUID magnetometer in a 0.2 T field and both measurements were performed with the magnetic field in the plane of the sample. For the 1600 Å film, magnetization measurements at 1.0 and 0.0020 T were also performed. Resistivity measurements were performed using a 4-point probe technique. The T p ͑peak resistivity͒ values for the films were 225, 255, and 260 K for the 60, 300, and 1600 Å films, respectively. All films were found to be metallic. A Digital Instruments AFM NanoScope IIIa operating in contact mode was used to investigate the surface morphology. Synchrotron XRD experiments were performed on the Oak Ridge National Laboratory X-Ray beamline X14A at the National Synchrotron Light Source ͑NSLS͒ at the Brookhaven National Laboratory ͑BNL͒. The x-ray energy was set to 8.0468 keV (ϭ1.5406 Å). The measured diffraction peaks were fit by Gaussian functions and the results are given in Table I . ϭ (dϪd 1600 )/d 1600 is the degree of strain relative to the 1600 Å film B layer. Mn K-edge absorption spectra in fluorescence mode were measured on NSLS beamline X19A. Measurements were made for films with the beam electric field vector nearly 45°to the surface. The near-edge spectra were area normalized. Figure 1 shows the atomic force microscopy images of the ͑a͒ 60 Å, ͑b͒ 300 Å, and ͑c͒ 1600 Å films plotted on the same scale. We can see that the 60 Å is not uniform but is composed of islands of La 0.8 MnO 3 . The islands become connected in the 300 Å film followed by columnar growth seen in the 1600 Å film. Interestingly, the 300 Å film is the most smooth film. Hence as a function of thickness different growth mechanisms prevail. It may be expected that the island structure would result in insulating films. However, these annealed films are found to be metallic.
III. RESULTS

A. AFM, transport, and magnetization measurements
In Fig. 2͑a͒ we show the resistivity for the 60 and 1600 Å films. Note that both films show typical insulatormetal transition with metallic behavior at low temperature. Our magnetization measurements also show that the films have finite magnetic moments ͓Fig. 2͑b͔͒. We point out that the magnetization of both films is significantly lower than the theoretical limit of 3.4 B /Mn ion ͑on average͒ particularly in the 60 Å. For the 1600 Å film, measurements at 5 K at 1.0, 0.2, and 0.0020 T yielded moments of 1.5, 1.5, and 1.1 B /Mn ion, respectively. The low moments found in the films are consistent with previous measurements on the La x MnO 3 system. 20, 21 The measurements suggest that ϳ1/2 of the 1600 Å film and ϳ1/4 of the 60 Å film volume is in the metallic state ͑assuming that only the metallic component is ferromagnetic͒. Since the film growth is different the decay of the strain as a function of thickness in unique to each film ͑Table I͒. In addition, the in-plane strain ͑with respect to the 1600 Å film͒ persists beyond 300 Å film.
B. X-ray diffraction measurements
Figures 3͑a͒ and 3͑b͒, show the diffraction profiles for two in-plane orthogonal reflections: ͑4 0 0͒ and ͑0 4 0͒. These measurements correspond to near 90°rotations relative to the ͑0 0 4͒ sample normal. Below, we call these reflections in-plane. For the 60 Å film ͑solid dots͒ a pair of lines ͑Table I͒ occurs at high angle ͑lower d spacing͒ relative a͒ Electronic mail: tyson͓@00ad͔m.njit.edu to a pair lines found in the 1600 Å film ͑solid line͒ at lower angle ͑higher d spacing͒. While the corresponding pair of diffraction lines in the 300 Å film are significantly closer to those of the 1600 Å film than those of the 60 Å film. The 300 Å film has an additional peak (C 2 ) with d spacing similar to those of the 60 Å film. The substrate peak appears for all orientations at higher angle indicating that the substrate has a smaller lattice constant than the films. From scans, we find epitaxial growth in all of the films.
In Fig. 3 one can see that the relative intensities of the two peaks are the same for the ͑400͒ and ͑040͒ scans. If the in-plane lattice were rectangular and we were observing rotated crystallites with two distinct in-plane lattice parameters, the intensities should reflect the thickness ͑in-plane͒ for a given direction in the crystallites. Rotation by 90°w ould result in the reversal of the peak intensities. This is not observed. This eliminates the possibility of two in-plane lattice parameters producing the double peak structure observed. Moreover, the relative intensities of the two peaks is not the same, ruling out the possibility of a 50/50 mixture of two rectangular cells. The two-peak structure is consistent with a film composed of two regions one near the substrate ͑A peaks͒ which is highly constrained by the substrate lattice and a more relaxed region away from the substrate ͑B peaks͒ with significant lattice relaxation ͑expansion͒. Hence, the 300 and 1600 Å films are composed of a strained A layer with a covering metallic B layer.
In the 60 Å film, the in-plane ͑400͒ and ͑040͒ reflections yield A layer spacings of 1.347 Å ͑the A 1 peak for ͑400͒͒ and 1.353 Å ͓the A 1 peak for ͑040͔͒, and B layer spacings of ϳ1.357 Å ͓peak B 1 for ͑400͔͒ and 1.363 Å ͓peak B 1 for ͑040͔͒. That means that in very thin film there is in-plane asymmetry in both A and B layers. The 60 Å film tracks the substrate in-plane asymmetry as seen in the difference in the peak position for the substrate peaks. On the other hand the 300 and 1600 Å films reveal no such asymmetry ͓compare A 3 and B 3 for the ͑400͒ and ͑040͒ reflections in ͑a͒ and ͑b͔͒ suggesting cubic symmetry as previously found in thick La 1Ϫx MnO 3 films. Figure 4 shows the out-of-plane diffraction profiles for the three films. In Fig. 4͑a͒ the patterns at low angle are given. All profiles decomposed into ϳtwo peaks except for the 300 Å films, which has at least four peaks with the addition of weak features labeled C 2 and C 2 Ј at low and high angle, respectively. Apart from these weaker peaks, the peaks positions ͑A and B for all films͒ are quite consistent with the in-plane measurement if one assumes an approximately constant volume, if the film is compressed in-plane, it will relax ͑expand͒ out-of-plane. In this way, the corresponding peak labels found in the in-plane measurements are matched to the out-of-plane measurements. The only exception is peak C 2 Ј , which has no analog in the in-plane measurements but if we consider the broad profile on the low angle side of the 300 Å film in the in-plane scan, it is possible that a corresponding weak shoulder exists. The peak position widths and strain parameters are summarized in Table I .
The trend in Fig. 4͑a͒ is followed by the high angle ͑008͒ scans with one significant exception. The 300 Å film reveals a weak ͑in terms of the origin total intensity͒ multicomponent distribution compared to the sharp peaks seen in for 60 and 1600 Å. The ͑008͒ can be considered a second order Bragg reflection which probes the same d spacing as the ͑004͒ reflection ͑since there are no atomic planes corresponding to d 004 /2). The loss of long range order between the 60 and 1600 Å suggest that the 300 Å film is in a transition or crossover region moving away from the highly strained and substrate-like thin film (60 Å) and relaxing toward bulk-like properties exhibited by thick films (1600 Å). In fact, the ͑008͒ peak has components with position near the corresponding 60 and 1600 Å peak positions. Supporting this are the additional peaks, C 2 and C 2 Ј , seen in the ͑004͒ reflection for the 300 Å film.
scans about the ͑022͒ direction are shown for the 1600, 300, and 60 Å films in Figs. 5 through 7 ͑the reflection contains both the A and B components as in the out-of-plane scans͒; ͑a͒ shows the expanded region near the peaks and ͑b͒ shows the full scans. No structure was found in the peaks in the 300 and 1600 Å films. However, for the 60 Å films the peaks split into multiple components as a result of small differences in orientation between crystal grains. Note that the phi scale in Fig. 7͑a͒ is 1/15 of that in Figs. 5͑a͒ and 6͑a͒ . The widths of the peaks of the 60 Å film are significantly lower than those of the thicker films due to the high order imposed by the substrate. The split features in the phi scans of this thin film possibly reflect twinning of the LaAlO 3 substrate. The varying total intensities in Fig. 7͑b͒ reflect the difficulty of maintaining the maximum for these narrow peaks. Figure 8 shows -scans of the ͑004͒ planes of the ͑a͒ 1600, ͑b͒ 300, and ͑c͒ 60 Å films. The main observation is that the 300 Å film has the most well oriented crystal grains ͑consistent with the AFM measurements͒. The vertical stacking of the atomic layers is highly ordered in the 300 Å film. This high degree of orientation is reduced by continued film growth (1600 Å) or substrate induced strain ͑for in the 60 Å).
C. Local structure measurements
Local structural information can be gleaned from x-ray absorption measurements. The main line corresponds to a 1s -4p transition on the Mn site. In octahedral symmetry ͑at the Mn site͒ there is no orientational dependence of the Mn main line. In reduced symmetry due to local distortions of the MnO 6 octahedra, the 4p peak will split into two or three components with progressive reduction in symmetry. Local distortions such as JT distortions produce such reductions in symmetry and generate orientational dependent splittings of the main line. In LaMnO 3 and other JT systems, broad main lines, and splitting have been predicted and measured. 22, 23 We measured Mn K-edge absorption spectra of these films ͓Fig. 9 ͑a͔͒. This spectrum shows a strong dependence of width of the 1s-''4p'' peaks with thickness. The broadest and most narrow ones correspond to the 60 and 1600 Å films, respectively. We note that the 300 and 1600 Å have similar profiles while the 60 Å film is distinctly broader. In our recent work we have shown that in the Manganites, the local distortions are manifested by the enhancement of the width of the main line. 22, 23 In Fig. 9͑b͒ , we show as examples the spectra for CaMnO 3 ͑no JT distortions͒, LaMnO 3 ͓with a JT distortion and Mn-O bonds with distances of 1.907, 1.968, and 2.178 Å ͑Ref. 24͒ and Bi 0.6 Ca 0.4 MnO 3 ͑with large JT distortions and Bi 6s 2 induced structural distortions 25 ͒. The important point is that the 60 Å film has very large local distortions which are significantly larger than those present in LaMnO 3 ͑see Refs. 22 and 23͒. Yet this film is ferromagnetic and metallic. This indicates that the film is mainly composed of a strained layer with a minor covering metallic B layer. Indeed we mention again that our magnetization measurements are consistent with ϳ1/2 of the volume of the 1600 Å film and ϳ1/4 of the 60 Å film volume being in the metallic state ͑assuming that only the metallic component is ferromagnetic͒. The behavior observed in the transport measurements suggest that the metallic region are connected.
IV. CONCLUSIONS
A study of the properties of La 0.8 MnO 3 films of varying thickness was performed. Transport and magnetization measurements reveal that the metallic volume fraction of the film varies from ϳ1/4 for ultrathin 60 Å films to ϳ1/2 for 1600 Å films. We have not accounted for the possibility of a spincanted structure, which could increase the metallic fraction of the films. Structural measurements on multiple lengthscales reveal that near 300 Å, a transition ͑crossover region͒ from highly strained ultrathin films to relaxed bulk-like films occurs. The transition region is characterized by low surface roughness, high crystallite orientation, and broad d-spacing distributions. The two layer growth has been seen by others.
2,26,27 However, here we addressed the evolution of the relative A and B volumes with thickness on multiple length scales and commented on the volume of the ferromagnetic component. 
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